Activation or inhibition of TLR4 by small molecules will provide in the next few years a new generation of therapeutics. TLR4 stimulation (agonism) by high-affinity ligands mimicking lipid A gave vaccine adjuvants with improved specificity and efficacy that have been licensed and entered into the market. TLR4 inhibition (antagonism) prevents cytokine production at a very early stage; this is in principle a more efficient method to block inflammatory diseases compared to cytokines neutralization by antibodies. Advances in TLR4 modulation by drug-like small molecules achieved in the last years are reviewed. Recently discovered TLR4 agonists and antagonists of natural and synthetic origin are presented, and their mechanism of action and structure-activity relationship are discussed.
antagonists such as Eritoran [12] . However, despite its efficacy in contrasting acute sepsis in animal models, Eritoran failed to pass clinical Phase III trials on septic patients [13] .
Other pathologies are associated to DAMP/TLR4 signaling, for instance TLR4 plays a key role in the CNS neurodegeneration [14] . In CNS, TLRs activation can be either detrimental (neuroinflammation and neurodegeneration) or beneficial (tissue repair), or have a mixed, still not fully understood effect [15] .
In the context of DAMP-associated pathologies, the inhibition of TLR4 stimulation by endogenous factors could be used to contrast a wide range of inflammatory disorders. These pathologies are caused by the release of reactive nitrogen or oxygen species and inflammatory cytokines following 'sterile inflammations' induced by DAMPs. In this context, TLR4 is a molecular target related to a broad spectrum of modern day diseases including asthma [16] , allergies [17] , chronic inflammations, autoimmune disorders, CNS diseases linked to neuroinflammation and cancer [18] .
TLR4 has also been suggested as a promising therapeutic target for drug abuse [19] and major depressive disorder [20] , as well as amyotrophic lateral sclerosis [21] . Possible application of synthetic TLR4 antagonists in the treatment of neuropathic pain has also been shown [22, 23] . From a molecular point of view, TLR4 activation by LPS is based on the successive interaction of LPS with LBP [24] that transfers a single molecule of LPS from aggregates in solution to CD14 [25] , that in turns shuttles LPS to the TLR4/MD-2 [26] complex. The whole molecular process ends with the formation of the (LPS/MD-2/TLR4) 2 complex on plasma membrane [27] . The complex transmits the signal in the cell by recruiting the MyD88 and the adapter MAL (MyD88-dependent pathways and production of a number of proinflammatory cytokines) or TRIF (MyD88-independent pathways and production of interferons) [1] [2] [3] . On the other hand, LOS can directly interact with the TLR4/MD-2 complex and activate TLR4 signaling without the participation of LBP and CD14 co-receptors [28, 29] .
Molecules active as TLR4 antagonists, Eritoran or TAK-242, have failed to block acute sepsis [13, 30] . However, a new perspective is holding promise in using TLR4 antagonists to block TLR4 activation by DAMPs in chronic inflammatory diseases and sterile inflammations. DAMPs are released from inflamed and damaged tissues [31] . Unequivocal evidence that DAMPs are specific TLR4 agonists remains to be provided in some cases, because in biochemical experiments aimed at identifying endogenous TLR4 agonists, the activation of TLR4 pathway could actually derive from endotoxin contamination in DAMPs. While the molecular mechanisms of endotoxin (LPS and LOS) TLR4 activation are well understood [18] , the mechanisms of DAMP/TLR4 signaling are only partially known. The high chemical diversity of recently discovered endogenous TLR4 ligands seems to be incompatible with the molecular specificity of TLR4 receptor. A recent critical paper on this subject recommended that some requirements are respected when assessing TLR4 agonism [32] . The most important condition is that the putative agonist should engage both TLR4 and MD-2 receptors for signaling and directly interacts with MD-2 and/or CD14 receptors [32] .
As a follow-up of our previous reviews on this topic [18] , we present here last achievements on the discovery of natural and synthetic molecules that modulate TLR4 activity as agonists or antagonists. We focus on small molecules (MW less than 1 KDa) that have been validated as TLR4 ligands according to the rules above mentioned, and on their mechanism of action.
In the first part, new synthetic TLR4 modulators are reported, in the second part are described compounds of natural origin.
Synthetic TLR4 modulators
From lipid A mimetics to other compounds The rational design of lipid A variants and analogs afforded several TLR4 agonists and antagonists with glycolipid structures that have been reviewed by us [18] and others [33, 34] . All these structures include the chemical determinant (pharmacophore) essential for MD-2 recognition and binding: a disaccharide core (GlcNAc-GlcNAc) with six lipid chains, and two negatively charged phosphates or phosphates bioisostere groups, at positions C1 and C4 of the disaccharide. These are Eritoran [35] , monophosphoryl lipid A (MPLA) [36] and aminoglycosides [37] lipid A mimetics. Other lipid A mimetics are based on a monosaccharide scaffold derived from lipid X, a biosynthetic precursor of lipid A, with activity as TLR4 antagonist [38] . All these compounds are sparingly soluble and have poor pharmacokinetic in vivo. The new tendency is therefore to explore new chemical structures, often derived from natural compounds, to obtain new TLR4 ligands with improved solubility and pharmacokinetics. We report here on TLR4 ligands and modulators recently discovered. Generally, the chemical structures of these molecules are different from that of lipid A. Very often these compounds are structurally derived from natural compounds that have been found active on TLR4 or are the results of a random screening of libraries of compounds.
Glycolipid-based compounds
Fatty acid esters of monogalactosyldiacylglycerol Fatty acid (FA) esters of monogalactosyldiacylglycerol (MGDG) are essential components of the thylakoid membrane in chloroplasts and dilinolenoyl MGDG has been reported to show anti-inflammatory effects in human peripheral blood neutrophils [39] .
In order to understand the mechanism of action of these molecules, a derivative of dilinolenoyl MGDG, a bifunctional, MGDG-based probe (molecule 1; Figure 1 ) has been synthesized.
1 contains two chemical functions, one reactive toward nucleophile groups in the target protein, another, the alkyne function, forms triazole adducts by reacting with azide groups (click reaction). 1 inhibited LPS-mediated TLR4 activation in a concentration-dependent manner in cells. Consistently with other studies [40] , 1 showed strong inhibition of p38 phosphorylation without influencing the total cell number being a more potent inhibitor than parent MGDG.
Endogenous proteome labeling followed by pull down/LC-MS/MS showed that compound 1 mainly interacts with the TLR4/MD-2 complex. By molecular modeling it has been calculated the lowest-energy binding pose of 1 with the TLR4/MD-2 complex. 1 binds to MD-2 similarly to Eritoran, both FA chains of 1 insert into the hydrophobic pocket of MD-2, while the sugar part interacts with residues of the MD-2 cavity rim. The binding mode between 1 and TLR4/MD-2 shows that FA chains forms favorable hydrophobic interactions with human TLR4 (hTLR4) residues including F440, F463, L444, K388 and Q436, which facilitate the subsequent formation of a covalent bond with TLR4.
Mutational studies showed that two residues of hTLR4, namely F440 and F463, are essential for binding to 1. Previous functional studies have identified that both F440 and F463 are required for cell activation by LPS. These mutational data reinforce the vision of a mechanism of action of MGDG based on direct competition with LPS for MD-2 binding.
Trimannoside glycolipid conjugates
Trimannoside glycolipid conjugates (MGCs; 2; Figure 1 ) are formed by a branched core linked to three mannose units through triethylene glycol linkers and to a saturated or unsaturated C 24 lipophilic chain. MGCs selectively blocked TLR4-mediated activation of human monocytes and monocyte-derived dendritic cells (DCs) by LPS [41] .
The mechanism of action of MGCs is unique: while these compounds inhibit both MyD-88 and TRIF-mediated intracellular pathways deriving from TLR4 activation and also block NF-κB activation and nuclear translocation, they do not directly compete with LPS for MD-2/TLR4 binding. The action of MGCs is therefore not based on a direct competition with LPS for CD14 and/or MD-2 binding as in the case of the majority of other TLR4 antagonists.
2 has a disruptive action on lipid raft-located GPI-anchored proteins, CD1a and CD14, and induces their rapid cell internalization. Thus, the plasma membrane may be a principal target through which the modulatory effects of MGCs are mediated. In the presence of LPS, 2 could prevent CD14 and TLR4 co-localization. These results suggest that the inhibitory action of 2 and other MGCs is mediated by their effect on the cell membrane: they alter lipid raft composition, interfere with the clustering of CD14 and TLR4 in rafts, leading to impaired receptor complex formation and blocking of signal transduction. Moreover, selective deprivation of CD14 from the cellular membrane, and subsequent impairment of TLR4/MD-2 complex formation could be a new mechanism for TLR4 antagonism. A similar mechanism of action has been recently described for monosaccharide 3, a synthetic TLR4 antagonist [42] .
Monosaccharide derivatives
The diphosphorylated diacylated monosaccharide FP7 (compound 3; Figure 1 ), is a synthetic molecule with potent TLR4 antagonist action both in cells and in animals [42, 43] . Monosaccharide 3 inhibits the LPS-stimulated, TLR4-dependent secretion of proinflammatory cytokines (IL-6, IL-8 and MIP-1β) by monocytes and DCs and prevents DCs maturation upon TLR4 activation by LPS [43] . The mechanism of action of 3 is based on the direct competition with LPS for MD-2 binding probably reinforced by direct binding to CD14 co-receptor. 1 H NMR experiments demonstrated that after addition of MD-2, the signals of the two FA chains (C 14 ) of 3 is attenuated [42] thus suggesting that lipophilic chains are the main interacting units of compound 3 with MD-2 hydrophobic pocket.
The capacity of 3 to induce CD14 and TLR4/MD-2 complex internalization in murine cells was analyzed [42] . Cell exposure to compound 3 caused endocytosis of CD14 but not of the TLR4/MD-2 complex. These results suggest that 3 interact directly with CD14, causing its internalization and deprivation of CD14 on plasma membrane could explain the antagonist action of 3.
In vitro binding data with purified, functional MD-2 (Facchini FA et al., Unpublished Data) show that 3 is able to displace LPS from human MD-2 (hMD-2), and binds to hMD-2 with an affinity (K D ) in the low micromolar range.
The TLR4 antagonist Eritoran has been recently used to contrast influence lethality in animal models [44] . The infection of some influenza strains induces a TLR4-dependent cytokine storm similar to septic shock. Abnormal TLR4 stimulation is due to the release of endogenous TLR4 agonists (DAMPs) deriving form damage of lung tissue, such as oxidized phospholipids from infected tissue or circulating HMGB1 protein. The DAMP/TLR4 signaling related to influenza inflection is inhibited by Eritoran [44] .
Similar to Eritoran, 3 selectively blocked DAMP/TLR4 signaling in animal models, protected mice from PR8 influenza virus-induced lethality and reduced proinflammatory cytokine gene expression in the lungs and acute lung injury (ALI) [43] . In a proof-of-concept experiment, compound 3 inhibited in a dose-dependent manner the DCs activation by endogenous HMGB1 [43] . This suggests that the mechanism of action of 3 in blocking influenza lethality could be based on inhibition of HMGB1/TLR4 signaling. The good bioavailability of 3, together with its high water solubility, lack of toxicity and selective TLR4 antagonist action, make it a new drug hit targeting TLR4-related microbial and sterile inflammatory diseases.
Lipid A mimetic with Vizantin-like branched chains
In a recent study, it was shown that the trehalose derivative named Vizantin (6,6 -bis-O-(3-nonyldodecanoyl)-α,α -trehalose) displays adjuvant activity based on TLR4 agonism and binding to the TLR4/MD-2 complex. Based on the known biological activity of lipid A and Vizantin, the authors projected a novel bifunctional glycolipid, that combines the structural features of Vizantin (namely, the two branched FA chains 3-nonyldodecanoic acid, 3NDDA) with the glucosamine core of lipid A (compound 4; Figure 1 ) [45] . Disaccharide 4 potently antagonizes the LPS/TLR4 signaling pathway in a concentration-dependent manner, in human THP-1 cells, with an IC 50 of 3.8 nM. Molecular docking simulations with MD-2 and MD-2/TLR4 suggest that the two branched NDDA chains of compound 4 insert into MD-2 binding cavity thus stabilizing the complex by hydrophobic interaction with the receptor.
Nonglycolipid TLR4 modulators

Neoseptins
The screening of 90,000 compounds tested for their ability to activate TNF-α in mouse peritoneal macrophages, led to the identification of a new TLR4 agonist, Neoseptin-1. Structure-activity relationship studies allowed to improve the design of this type of LPS-binding peptide mimetics, leading to Neoseptin-3 hit compound (5; Figure 2 ) [46] .
5 is a peptidomimetic with no structural similarity to LPS that activates mouse TLR4 (mTLR4). In vitro dose response experiments demonstrated that molecule 5 activates TLR4 in different mouse cells. Induction of TNF-α by 5 was completely abrogated in TLR4-or MD-2-deficient mouse macrophages, while CD14-deficient macrophages that do not respond to LPS, still produced TNF-α in response to 5.
5 activates mouse TLR4/MD-2 independently of CD14 and triggers canonical MyD88 and Toll IL-1 receptor domain-containing adaptor inducing IFN-β (TRIF)-dependent signaling. On the other hand, 5 is unable to stimulate human TLR4, as turned out from experiments on human THP-1 monocytes. This supported the idea that the TLR4 agonist activity of 5 is species-specific, with a preference toward mouse MD-2 (mMD-2). The direct interaction of 5 with mTLR4/MD-2 heterodimer with formation of a complex was observed by NMR binding experiments and, more directly, by x-ray analysis of the complex. The crystal structures of TLR4/MD-2 complex in the 'apo' form (i.e., without any ligand), in complex with lipid A, and with 5 were compared. In all the three different cases studied, the structure of the mTLR4/MD-2 complexes presented similar conformations. While having completely different chemical structures, lipid A and 5 are capable of inducing similar conformational changes of the MD-2 Phe126 loop region, the typical conformational switch induced by agonists. Interestingly, two molecules of 5 were found asymmetrically bound to MD-2 cavity in the complex with mTLR4/MD-2. The two molecules occupy different sites at the rim of MD-2 binding cavity and interact with the second TLR4 molecule (TLR4*) thus promoting TLR4 dimerization and activation. The final activated complex (TLR4/MD-2/5 2 ) 2 contains four molecules of 5. This study provides new and interesting information on how a molecule different from lipid A can promote the formation of the activated TLR4/MD-2 heterodimer by binding MD-2 and TLR4*. The dissociation between CD14 function and MyD88/TRIF signaling pathways is reminiscent of the mechanism of action of other small-molecular TLR4 agonists, including Ugi compounds presented in the next paragraph. However, the lack of activity on human TLR4 receptor system limits the clinical development of Neoseptins as TLR4-directed therapeutics.
Ugi compounds A panel of small molecules with TLR4 agonist activity was synthesized through a 4-component Ugi condensation reaction (the more potent molecule being AZ617, compound 6 in Figure 2 ) [47] . The majority of the synthetic Ugi compounds presented TLR4 agonist in HEK-293 cells transfected with hTLR4/hMD-2/hCD14 while were almost inactive in stimulating HEK cells transfected with mTLR4/mMD-2/mCD14. Species-specific TLR4 activation is due to higher affinity binding of Ugi compounds to hMD-2 than to mMD-2. By comparing the activity of Ugi compounds in HEK 'hybrid' transfectants with a combination of human and mouse receptors, namely hTLR4/mMD-2 and mTLR4/hMD-2, authors observed that Ugi compounds turned out to be more active in the transfectants containing hMD-2. The capacity of Ugi compounds to stimulate human TLR4 receptor system was also confirmed on human peripheral blood mononuclear cells (PBMCs). The preference of human TLR4 receptor system over murine is however peculiar, because LPS and MPLA, show an opposite preference for murine receptors giving a stronger activation in cells expressing mMD-2. Another important difference with LPS and lipid A-derived agonists is that the TLR4 activation mediated by compound 6 is CD14-independent. In silico studies showed two possible sets of binding poses (with almost identical energy) of Ugi compounds into the hydrophobic binding pocket of MD-2.
As Ugi compounds have a TLR4 agonist preference toward human species, and a better water solubility compared with other lipid A analogs, making them a good starting point for the development of adjuvants that can activate TLR4 in cells with physiological low levels of CD14, such as DCs.
Phospholipids
Lung alveolar epithelium secretes a mixture of several proteins and lipids called pulmonary surfactants, which have important immunoregulatory properties, able of regulating the innate immune system by competitively antagonizing ligand-dependent activation of TLR4 [48] . Phospholipids account for 90% of pulmonary surfactants, and it has been reported that minor components of pulmonary surfactants, palmitoyl-oleoyl-phosphatidylglycerol (POPG) and phosphatidylinositol, are capable of inhibiting LPS-induced inflammatory responses in U937 cells, primary rat alveolar macrophages, and primary human alveolar macrophages by blocking LPS-induced phosphorylation of MAPKs and IκBα, and by preventing LPS-induced degradation of IκB and MKP-1 expression [48] . In vitro binding studies showed that POPG and phosphatidylinositol bind to LBP, CD14, and MD-2 in a concentration-dependent manner. A recent study screened a library of POPG variants, with the aim to understand the phospholipids' structural features that dictate the antagonistic activity against TLR2 and TLR4 [49] . In summary, POPG analogs with polar head group modifications can antagonize TLR2 and TLR4 activation. POPG analogs strongly bind to CD14 and MD-2 proteins, thus causing TLR4 inhibition. The structural plasticity necessary for TLRs modulation open up possibilities for the design of new POPG-like molecules that can possess individual TLRs specificity.
Chalcone derivatives
Several chalcone derivatives that contain the moiety of (E)-4-phenylbut-3-en-2-one, considered the core structure of currently known MD-2 inhibitors of natural origin such as curcumin, caffeic acid phenethyl ester and 1-dehydro-10-gingerdione, have been designed and synthesized in a recent study [50] . Among all the synthesized chalcone compounds, compound 7 ( Figure 2 ) turned out to be the more potent in antagonizing the TLR4 pathway both in vitro and in vivo. Fluorescence spectroscopy experiments showed that 7 competitively inhibits the interactions between MD-2 and LPS, and also between TLR4 and MD-2. The direct interaction between 7 and MD-2 was confirmed by surface plasmon resonance experiments. Computational studies shown that in the lower energy binding pose, 7 would interact with MD-2 residues Arg90 and Tyr102, by forming two hydrogen bonds. This finding was experimentally confirmed by using MD-2 mutants [51] . 7 is also able to attenuate LPS-induced lung injuries, in particular by diminishing pulmonary inflammation and by preventing the interaction between MD-2 and TLR4 in lung tissue. Similar to other TLR4 antagonists as Eritoran and monosaccharide 3, chalcone derivative 7 can be considered a hit compound for the development of drugs for the treatment of ALI and other TLR4-dependent syndromes induced by pathogens infections.
Calcineurin inhibitors
Calcineurin inhibitors (CNIs) cyclosporine A and tacrolimus are active in increasing the production of proinflammatory cytokines and endothelial activation markers through TLR4 activation in cultured murine endothelial and vascular smooth muscle cells as well as in ex vivo cultures of murine aortas [52] . Data showed that CNIs were unable to induce inflammation in aortas from Tlr4 −/− mice and after pharmacological inhibition of TLR4 in endothelial cells. However, further research is required to clarify the exact mechanisms of action by which CNIs are able to activate the TLR4 pathway.
4,4 -Diisothiocyanostilbene-2,2 -disulfonic acid
The anti-inflammatory effects of 4,4 -Diisothiocyanostilbene-2,2 -disulfonic acid (compound 8, Figure 2 ), a chloride channel blocker, were investigated in a recent study [53] . 8 significantly inhibits LPS-induced release of proinflammatory cytokines in vitro and in vivo studies, downregulating the inflammatory cytokines via inhibition of the TLR4/NF-κB pathway, with a clear indication that ClC-3 (a volume-activated chloride channel protein) is involved in the inhibitory effect of 8. This study showed that abrogating ClC-3 inhibits the LPS-induced inflammatory response by inhibiting the TLR4/NF-κB pathway in vivo and in vitro, and this mechanism could represent a novel way for TLR4/NF-κB inhibition based on chloride channels. 
Morphine derivatives
Compounds based on simplified morphine analogues (+)-naltrexone and (+)-noroxymorphone have been designed, synthesized and their TLR4 antagonist activities have been evaluated by their effects on inhibiting LPS induced TLR4 downstream nitric oxide production in microglia BV-2 cells [54] . Among all the compounds synthetized, the N-phenethyl-noroxymorphone (compound 9; Figure 3 ) was the most potent TLR4 antagonist with an IC 50 of 1.4 μM, and no cell cytotoxicity. This analog also showed in vivo efficacy in potentiating morphine analgesia, but further research is required to investigate its exact mechanism of TLR4 inhibition.
TLR4 modulators of natural origin
Plant secondary metabolism provides a vast source of chemically different bioactive and pharmacologically active compounds. Traditional Chinese and Indian medicine use a variety of herbs that are rich in molecules that very likely act as TLR4 modulators [55] . TLR4 activation or inhibition mediated by herbal extracts promoted a vast area of research which focuses on the molecular mechanism of action of these TLR4 modulators [56] .
Saturated FAs (palmitic acid)
The molecular mechanism explaining the inflammatory action of palmitic acid (compound 10, Figure 3 ; the most abundant circulating saturated fatty acids [SFAs]), has recently been proposed [57] . It has been observed that 10 induces myocardial inflammatory injury and dysfunction through MD-2 in mouse and cell culture experimental models. The paper presented studies of purified protein-ligand interactions indicating that 10 directly binds to MD-2, supporting a mechanism of canonical, MD-2-dependent, TLR4 activation and signaling. However, the MD-2 binding affinity of 10 measured by surface plasmon resonance turned out to be very low (mM range). 10 is responsible for the production of proinflammatory cytokines in myocardial tissue, causing cardiac tissue remodeling and cardiac dysfunction in mice with hyperlipidemia and/or obesity. In addition, murine cardiomyocytes and macrophages acquired an MD-2-dependent proinflammatory phenotype when challenged with 10. The computational docking simulation results also supported the hypothesis of direct MD-2/10 binding and predicted that three molecules of 10 can accommodate into the MD-2 binding cavity. The resulting MD-2/10 complex appeared to be relatively stable, with appropriate positioning of the FAs.
Interestingly, the findings from this study supported the idea that the ability of 10 (or other SFAs) to activate TLR4 signaling was likely attributed to its saturated nature. The change to unsaturated FAs on the lipid A moiety of LPS results in a complete loss of TLR4 agonist activity, and the unsaturated FA chain plays an important role in MD-2 binding of the antagonist Eritoran [58] . The authors found that, despite the binding to MD-2, unsaturated FAs did not induce TLR4/MD-2 complex formation nor activate downstream TLR4 signaling. Unsaturated FA was unable to induce cardiac inflammatory phenotype both in vitro and in vivo and did not significantly contribute to myocardial remodeling and injury in obesity. The observation that unsaturated FAs bound MD-2 suggests an intriguing possibility that unsaturated FAs may competitively inhibit SFAs to modulate TLR4 signaling response and chronic inflammation. These results underscore MD-2 as a necessary protein in SFA-mediated myocardial inflammatory injury.
Morphine & opioids
The molecular mechanism of TLR4 stimulation by morphine and opioids has been investigated, and presents several common points with LPS activation [59] . In a recent paper the structural dynamics of the opioid-bound activation mechanism of TLR4/MD-2 complex has been studied using various computational tools [60] . The in silico results supported previous findings: the binding of morphine (11) and naloxone (12) (Figure 3) into the hydrophobic pocket of MD-2 is TLR4-dependent. Binding of 11 induce the typical conformational change of MD-2 into its active form (agonist switch). In particular this is mediated by interaction of 11 with the Phe126 loop of MD-2 that confers stability to the subsequently formed TLR4/MD-2/11 complex. The interaction with TLR4 also stabilizes the MD-2/12 complex. However, 12 switches the Phe126 loop of MD-2 to its inactive (antagonist) conformation form. These data confirmed that subtle changes on the morphine structure can induce agonism to antagonism switch and that morphine scaffold could be used to generate potent and specific TLR4 modulators.
Platycodin D Platycodin D (13; Figure 3) , the major triterpene saponin in the root of Platycodon grandiflorum, exhibits a broad spectrum of anti-inflammatory effects by inhibiting LPS-induced TNF-α and IL-1β production [61] and NF-κB activation [62] . The mechanism of action of 13 in protecting LPS-induced ALI has been recently studied and clarified [63] . In in vitro and in vivo models, 13 acts as a TLR4 antagonist by mediating the depletion of cholesterol from plasma membrane and therefore by reducing the translocation of TLR4 to lipid rafts. This mechanism was confirmed by the fact that cholesterol replenishment prevented 13-mediated TLR4 antagonism. Studies on raft-disrupting drugs supported these data, confirming that depletion of cholesterol can antagonize LPS-mediated TLR4 activation by the inhibition of TLR4 translocation into lipid rafts [64] . It has been reported that ethanol also acts by altering the LPS-induced redistribution of TLR4 complex within the lipid raft, thus interfering with receptor clustering and subsequent signaling [65] .
P4-ATPases
Phospholipids translocation from exoplasmic to cytoplasmic leaflet is mediated by integral membrane proteins, named P4-ATPases, which have a crucial function in the biogenesis of transport vesicles and in endocytic pathways [66, 67] . The hypothesis that P4-ATPases (in particular CDC50A) can play a role in the TLR4 activation pathway has been recently investigated [68] . In this study, the LPS-mediated TLR4 activation has been analyzed by using CDC50A-depleted THP-1 and human monocyte-derived macrophages. LPS challenge of CDC50A-depleted THP-1 is responsible for a hyper-activation of the MyD88-dependent pathway, caused by the impaired endocytic TLR4 retrieval. There are two P4-ATPases (i.e., ATP8B1 and ATP11A) that are expressed in humans, and their deficiency is associated with severe chronic liver disease [69] and pulmonary disorders [70] . The exact contribution of P4-ATPases in TLR4-dependent inflammatory disease remains to be established. Naringenin Naringenin (14; Figure 3 ) is a flavonoid naturally present in grapefruit and other citrus species that possess antiinflammatory and antioxidant activities, particularly important for inflammatory-associated atherosclerosis, arthritis and metabolic syndrome [71] . In a recent study, the underlying mechanism of the anti-inflammatory properties and life-protective efficacy of 14 in LPS-stimulated macrophages and in a murine endotoxaemia model was evaluated [72] . 14 was able to prevent TNF-α and IL-6 upregulation, to inhibit NF-κB activation, and 14 was also responsible for the upregulated expression of ATF3 in LPS-stimulated murine macrophages. In lung tissues, the ATF3 expression is upregulated by the induction of AMPK that is provoked by 14. In murine models of endotoxaemia, 14 improved the proinflammatory reactions and the survival of mice. This AMPK-ATF3-dependent downregulation of the LPS/TLR4 signaling pathway mediated by 14 represents a novel mechanism of TLR4 modulation.
Allergic contact dermatitis is a very common skin disease, and among over 3,000 allergens, nickel is one of the most common ones [73] . Recent findings revealed that hTLR4, but not TLR4 of other species including mouse, can be directly activated by nickel and cobalt ions [74] . This species-specific activation is due to the coordination of nickel or cobalt ions by a cluster of histidine residues on the ectodomain of hTLR4 that is absent in the majority of other species TLR4. This study identified TLR4 and MD-2 mutants not responsive to LPS that can be activated by nickel and cobalt ions. Starting from these observations, authors proposed a model for the activation of the TLR4/MD-2 complex mediated by transition metal bivalent cations. To enable TLR4 activation several interactions are required and interactions mediated by the histidine residues of the TLR4 ectodomains can be a driving force for TLR4 dimerization. This is confirmed by a study where a single TLR4 mutation (residue N433, important for the interactions of the two TLR4 ectodomains), prevented the dimerization of TLR4 in the presence of cobalt or nickel ions [75] . Interestingly, nickel and cobalt ions turned out to be able to induce the dimerization of TLR4 ectodomain in the absence of MD-2 in vitro in cell-free experiments. However, this effect was not observed in cells.
Lead (Pb) exposure is a worldwide problem, and it has been shown that Pb exposure can impact the immune system integrity [76] . Pb neurotoxicity has been researched extensively, however, the proinflammatory role that this metal plays in the brain has not been fully understood. The inflammatory role of Pb has been recently presented [77] , and experiments showed that exposure to Pb induce micro and astrogliosis by activating TLR4/MyD88/NF-κB signaling pathway. Increased levels of proinflammatory cytokines were also observed.
Ferulic acid
Ferulic acid (15; Figure 3 ) is a phenolic compound abundant in vegetables and fruits, and it presents several antioxidative and anti-inflammatory activities [78] . 15 pharmacological effects and the underlying mechanisms in mice with acetaminophen-induced hepatotoxicity have been investigated in a recent study [79] . 15 attenuated acetaminophen-induced serum TNF-α and IL-1β production, suppressed TLR4 expression, and dampened MAPK and NF-κB activation. These data suggested that 15 is able to partially suppress TLR4-mediated inflammatory response. However, the molecular mechanism of action of 15 in relation with TLR4 still needs elucidation.
Corilagin
Corilagin (16; Figure 3 ) is a polyphenol isolated from the extract of Arctostaphylos uvaursi, it is identified in several plants and it presents anti-inflammatory and antibacterial activity [80] . A recent study found that 16 is able to inhibit both TLR4-dependent MyD88 and TRIF signaling pathways [81] . Cellular and animal models treated with LPS and 16 presented mRNA levels and expression of TLR4, MyD88, TRIF and TRAF6, as well as IL-5 and IL-1β cytokines levels significantly decreased compared with the group treated with LPS alone. The molecular mechanism of action of 16 still needs elucidation.
Alpinetin Alpinetin (17; Figure 3 ) is a natural flavonoid with known antibacterial, antitumor and other therapeutic activities [82] . A recent study investigates the anti-inflammatory effect of 17 in dextran sulfate sodium-induced colitis in mice [83] . 17 pretreatment inhibited significantly the phosphorylation of IKKa/b, IkBα and p65 NF-κB activation, and TLR4 expression was downregulated in LPS-induced phorbol myristate acetate (PMA)-differentiated THP-1 cells. According to this study, 17 has a protective effect on dextran sulfate sodium-induced colitis and might be a promising therapeutic treatment. However, further research is required to understand the exact molecular mechanism of action of 17.
Epigallocatechin-3-gallate
Green tea contains caffeine and polyphenolic compounds known as catechins. The most abundant catechol found in green tea is (−)-epigallocatechin-3-gallate (18; Figure 3 ) [84] which has been suggested to be responsible for many of the potential health effects of tea [82] . A recent study showed that 18 negatively regulates TLR4 pathway through the inhibition of downstream signaling [85] . 18 induced ubiquitination of TLR4, decreased TLR4 expression through E3 ubiquitin-protein ligase RNF216, and increased cGMP levels in macrophages. 18-induced TLR4 downregulation is completely canceled by the soluble guanylate cyclase (cGMP synthesis enzyme) inhibitor, and cGMP induction is sufficient to suppress TLR4 expression. This is a novel mechanism for the downregulation of TLR4 expression. To study the role of cGMP in downregulation of expression, TLR4 could be particularly valuable.
Celastrol Celastrol (19; Figure 3 ) is a pharmacologically active cyclic-penta-triterpene, extracted from the roots of the plant Tripterygium wilfordii. It has been reported that 19 is a potent immunosuppressive and anti-inflammatory agent [86] . A recent study investigated the protective effects of celastrol on TLR4-dependent liver injury in diabetic rats [87] . Diabetic rats presented steatohepatitis and proinflammatory cytokine significantly upregulated. 19-treated diabetic rats presented reduced hepatic inflammation and macrophages infiltration. TLR4, MyD88 and NF-κB expression, as well as downstream inflammatory factors IL-1β and TNF-α in the hepatic tissue of 19-treated rats were downregulated in a dose-dependent manner. Treatment with 19 delayed the progression of diabetic liver disease via the inhibition of TLR4/MyD88/NF-κB signaling pathways and its downstream inflammatory effectors. Further studies are required to clarify the molecular mechanisms of action of 19, and for the development of new treatments for diabetic liver injury.
Conclusion
After the failure of TLR4 antagonists Eritoran and TAK-242 to pass clinical trials as drugs against acute sepsis and septic shock, the most recent change of direction in TLR4-directed therapeutics is to use TLR4 antagonist, included Eritoran, to block or reduce acute and chronic inflammatory diseases due to TLR4 activation by endogenous factors [88] . Another important paradigm change in the rational design of small-molecular TLR4 modulators is to move away from the structure of lipid A, the natural agonist, and explore new hit compounds derived from combinatorial libraries and natural sources (mainly plant secondary metabolites). Besides the necessity for companies and academic groups to have proprietary structures, the main reason to leave the ligand-based design so far adopted, is the low solubility in aqueous media of lipid A and lipid A-like molecules and their poor pharmacokinetic (adsorption and distribution) properties. Concerning synthetic molecules, new promising directions have been suggested in the use of nonlipid A-like synthetic glycolipids, as in the case of MGDG 1 and tri-MGCs 2 (Figure1) reported in this review [40, 41] . This last type of antagonists show a new mechanism of action based on the targeting of membrane lipid rafts that would be essential to TLR4 organization in activated oligomeric species, and in the selective deprivation of CD14 co-receptor from plasma membrane [41] . Interestingly, a very similar mechanism of action based on membrane rafts targeting seems to be at the base of natural molecules such as the steroid 13 [63] . Membrane rafts disruption and impairment of CD14 function are new strategies for TLR4 antagonism that could be used by other molecules and deserve to be investigated more in detail in the perspective to develop new generations of TLR4 modulators. Phosphorylated lipo-monosaccharides as compound 3 [42, 43] , deriving from molecular simplification of lipid A, present several advantages in the perspective of industrial development, due to the much simpler synthesis compared with Eritoran, and retention of selectivity and antagonist potency. Innovative peptidomimetics (neoseptins) have been proposed in 2016 as interesting hit compounds to develop nonlipid A-like TLR4 agonists [46] , while the low potency and the lack of activity on human TLR4 limit the applicability of these compounds. Other nonlipid A-like TLR4 modulators have been reviewed here among synthetic and natural molecules. In general, the main limitation of the studies on new TLR4 modulators reported in this review and depicted in Figures 1-3 is the lack or very limited investigation of selectivity and toxicity. The TLR4 activity has been rarely compared with the activity on other TLRs or other biological targets, and toxicity studies are lacking as well.
Future perspective
Despite the majority of the natural and synthetic molecules reviewed here are in the early stage of preclinical development, ongoing clinical studies and a few licensed compounds demonstrate the potential of TLR4 modulators (Table 1) . TLR4 agonists with a structure related to lipid A (MPL and AS04) have been licenced as vaccine adjuvants.
Other lipid A mimetics (AS04, GLA-SE, GSK1795091 and OM-174) are in clinical Phase I or II as anticancer therapeutics. Small molecular TLR4 antagonist AV-411 (Ibudilast) is in Phase II clinical trials for the treatment of asthma and poststroke disorders. NI-0101 is the first anti-TLR4 monoclonal antibody to pass Phase I clinical trials for rheumatoid arthritis, showing safety and tolerability ( Table 1) . Because of the very reduced number of chemicals in clinical phase of development as TLR4-based therapeutics, major efforts should be focused in the future to progress in the preclinical characterization of newly discovered hit compounds. To do this, complete data on toxicity and specificity should be collected for every new hit compound presented here. In parallel, it is still important to extend the chemical variety of TLR4 modulators by discovering new active molecules from natural sources (included fruits and vegetables) and from de novo designed synthetic molecules.
Executive summary r TLR4 plays important roles in inflammation but also in repair processes after inflammation. TLR4 signal is activated by bacterial molecules and endogenous factors. r TLR4 activators (agonists) and inhibitors (antagonists) are, respectively, potential vaccine adjuvants and antitumoral agents (agonists) and anti-inflammatory agents (antagonists). r In the last 4 years several new synthetic TLR4 modulators have been discovered: some of them have a chemical structure related to lipid A, the natural TLR4 ligand produced by bacteria. Other synthetic molecules, such as neoseptins, Ugi compounds, chalcone and morphine derivatives, have a chemical structure not related to lipid A. r Several natural compounds showed TLR4 activity: saturated fatty acids and oxidized phospholipids have agonist action. r Other natural molecules recently discovered are active as TLR4 blockers (antagonists). These molecules are plant secondary metabolites: polyphenols, triterpenes and flavonoids. r The TLR4-active compounds described in this review are in the early stage of preclinical development. Very few drug candidates targeting TLR4 are in clinical phase. r It is necessary in the next future to increase the number of molecules that enter into clinical trials by characterizing the toxicity and specificity of action of the TLR4 modulators yet available.
